Abstract With the rise in population, under future scenarios, global food demand is expected to increase. Biotic and abiotic factors such as climate change are threat to food security owing to its variability, occurrence, duration and magnitude of extreme events. Since, the climate change is unequivocal, the adaptations and mitigations for sustainable agricultural production can minimize its negative impact on agriculture and improve food grain productivity. The grain yield of rice and peanut was simulated for the base period
which can be used to simulate the phenology, crop growth and yield and biomass partitioning of these plants. The simulation processes of both models are dynamic, mechanistic and process based, which are affected by environmental and cultivar specific factors.
Many researchers have used DSSAT for analysis of climate change impacts on rice-based production system in India (Subash and Ram Mohan 2012; Mishra et al. 2013) . Satapathy et al. (2014) simulated the possible climate change impacts using HadCM3 data and found a continuous decline in the rice grain yield for the years 2020, 2050 and 2080 with increasing temperature >0.8°C. Swain and Thomas (2010) reported 7 to 27 % decline in rice yield under GCM (Global Climate Model) scenarios at different locations in India. Decline in rice yield in India under future climate scenarios has also been reported by earlier researchers (Pathak et al. 2003; Krishnan et al. 2007 ).
The adverse impact of climate change on rice-based production systems could be minimized through location specific adaptations on cultivar selection, planting time, land management etc. Few studies have been attempted to assess the vulnerability of cropping systems under projected climate change scenarios under rainfed ecosystem in India, but lacking with location specific adaptations and recommendations. There is a need to analyze the impact of future climate on rice-based rainfed production systems and evaluate agro-adaptations, which can be implemented at field level. The present investigation was carried out to assess the impact of climate change on rice-peanut cropping systems using crop simulation technique and to evaluate potential of cultivars and planting times as adaptation measures to four locations in eastern India.
Materials and Methods

Experimental Site
Field experiments for calibration and testing of CERES model for rice and CROPGRO model for peanut were carried out in the research farm of Agricultural and Food Engineering Department, Indian Institute of Technology Kharagpur, Kharagpur (22°19′ N latitude and 87°19′ E longitude), India. Soil of the location is acid lateritic with sandy loam in texture. The climate of Kharagpur is classified as humid and subtropical. It is characterized as hot and humid in the summer (April and May), rainy during June to September, moderately hot and dry in autumn (October and November), cool and dry in winter (December and January) and moderate in spring (February and March). The site receives an average annual rainfall of 1400 mm with an occurrence of 70-75 % of the total rainfall in the monsoon months (June to October). The average daily temperature varies between 21°C in December/January and 32°C in May/June.
Experimental Details
For calibration and testing of CERESRice model, two popular rice varieties, 'IR 36' and 'Swarna,' with growing periods of 120 and 150 days, respectively, were cultivated at their recommended fertilizer levels during the wet season (June-November) of the years 2010 and 2011. The recommended fertilizer levels for IR 36 and Swarna were 100:50:60 and 120:50:60 kg ha The crop data on appearance of phenological events, time series above ground biomass, yield components and yield of the crops of the first year were used for calibration and of the second year for testing of the model parameters. These genetic coefficients of CERESRice and CROPGRO are mainly based on duration of vegetative growth, photoperiod sensitivity, time from flowering to maturity, unit seed weight, biomass partitioning, temperature tolerance etc.
Model Calibration and Testing
Crop growth in CERESRice and CROPGRO is simulated by employing a carbon balance approach in a source-sink system (Ritchie et al. 1998) . Genetic coefficients of the models were estimated through calibration and evaluation process. The genetic coefficients for rice (cv. IR 36 and Swarna) and peanut (cv. AK 12-24) were calibrated using experimental data on phenology, biomass and economic yield. Statistical methods were selected to compare the results from simulations and observations. Model performance was evaluated using the statistical parameters such as Normalized Root Mean Squared Error (RMSEn) and D-index (Willmott et al. 1985) as common tools to test the goodness-of-fit of simulation models as given in Eqs. (1) and (2):
where, S i and O i are the model simulated and experimentally measured points, respectively, ̅ ̅O avg is the average of observed values, and n is the number of observations.
Climate Change Scenarios Used for Crop Yield Simulation
Daily maximum and minimum temperatures, rainfall and solar radiation are the minimum data requirements for the DSSAT model. The daily weather data for the base period was used for the past yield simulation and future weather from HadCM3 of Global Climate Model (GCM) downscaled data for the nearest grid of the specific locations was used for forecasting the crop yield for future climate scenarios. The HadCM3 model couples an atmospheric GCM with an ocean GCM. The major advantage is the need of additional artificial heat and freshwater fluxes at the ocean surface is eliminated as the high ocean resolution of HadCM3 serves the purpose (Gordon et al. 2000; Pope et al. 2000) . The forecasted data was downscaled for A2 and B2 SRES (Special Report on Emission Scenarios) scenarios.
The A2 scenario represents very heterogeneous world in which economic development, technology are fragmented and considered at regional level with continuously increasing population. The B2 scenario family describes a world in which the emphasis is on local solutions to economic, social, and environmental sustainability. The output from the HadCM3 model for SRES A2 and B2 was used as input to crop models of DSSAT for yield simulation at four locations namely, Kharagpur, Cuttack, East Godavari and Vizianagaram of Eastern India. The crop yield was simulated using future weather data for the periods , and 2071-2100 of A2 and B2 scenarios for all the locations and the change in the yield was compared with the base-line yield. The CO 2 levels for base period (1969-99), 2020 (2011-2040), 2050 (2041-2070) and 2080 (2071-2100) were taken as 380, 420, 480, and 540 ppm, respectively. The increment in temperature over the base period at different locations is shown in Fig. 1 . The soil properties and basic weather parameters of the locations are given in Table 1 .
Yield Simulation for Rice-Peanut Cropping System
The yield of rice-peanut cropping system was simulated for past and future weather at all the selected locations. As rice is the main crop in the system, two rice cultivars were chosen in the simulation process for understanding their adaptability to climate change under rainfed ecosystem. The rice cultivars were 'IR 36' of medium duration (120 days) type and 'Swarna' of long duration (150 days) type. The cropping system of peanut with the Medium-duration rice cultivar is named as MP and with long-duration rice cultivar is named as LP.
The simulated yield of the cropping systems was calculated in terms of rice equivalent yield using Eq. (3).
where, Rice eq. Yield is the rice equivalent yield of the system [kg ha ], P P is the minimum support price of peanut as per Govt. of India for the year 2013, and P R is the minimum support price of rice as per Govt. of India for the year 2013.
The minimum support price for rice and peanut was taken as Rs. 13.1 and Rs. 40.0 per kg, respectively (http://agricoop.nic.in/imagedefault/whatsnew/latestmsp.pdf). The percentage ].
Evaluation of Adaptation Measures
Many cropping practices have been recommended as to mitigate the impact of climate change as farm level adaptations. The most commonly evaluated adaptation measures are adjustment of sowing date, cropping pattern, use of high yielding varieties and also use of temperature tolerant varieties in crop production system (Rosenzweig and Hillel 1998; Ogden and Innes 2008) .
In the present study, planting date and varietal adaption were evaluated for all the locations. The yield was simulated for the five planting dates each for rice and peanut. For the rice, the planting dates were 1 June, 15 June, 30 June, 15 July and 31 July. The sowing dates for peanut were 26 December, 9 January, 24 January, 9 February and 24 February. The current planting dates for rice and peanut are 15 July and 9 February.
To evaluate planting date as an adaptation measure, the percentage change in the yield under the different planting dates was determined by comparing with the yield under the current planting date as given in Eq. (5).
Percentage change in the yield of cropping system¼
where, Y P is the average yield under the given planting date [kg ha 
Results and Discussion
Model Calibration and Testing
Rice
The CERESRice model was calibrated and validated for the medium-duration cultivar 'IR 36' and long-duration cultivar 'Swarna' using wet season data of the years 2010 and 2011, respectively. During calibration, the RMSEn and D-index between simulated and observed values of top (above ground) biomass were 0.27 and 0.978, respectively for IR 36, and 0.30 and 0.966, respectively for Swarna. The observed and simulated values for anthesis and maturity days were in close match (±3 days) and the difference between simulated and observed yield was less than 2 %. The calibrated genotype coefficients of both cultivars are given in Table 2 . The genotype coefficients P1 and P2R are higher in Swarna as compared to IR 36 because of the longer vegetative period of the former cultivar as compared to the later. During testing (Fig. 2) , there was close match between simulated and observed top biomass of IR 36 (RMSEn = 0.14 and D-index = 0.993) and Swarna (RMSEn = 0.22 and D-index = 0.98) cultivars. The simulated anthesis and maturity days differed from their observed value up to 5 days and the difference between simulated and observed yield were within 8 %.
Peanut
The CROPGRO model was calibrated and validated for peanut cultivar 'AK 12-24' using dry season data of the years 2011 and 2012, respectively. During calibration, the RMSEn and Dindex between simulated and observed values of top biomass were 0.28 and 0.976, respectively. The difference between observed and simulated days for anthesis, pod initiation, and maturity were within 5 days and for pod yield was about 10 %. The calibrated genotype Table 3 . During testing (Fig. 2) , there was close match between simulated and observed top biomass of peanut (RMSEn = 0.26 and D-index = 0.976).
The difference between simulated and observed anthesis, pod initiation, and maturity were within 5 days and for pod yield was <5 %. The close match between observed and simulated values for biomass, phenology and yield for both crops during the testing process allows useful application of the model for simulation of crop performances under future climate change scenarios and evaluation of agroadaptations.
Forecasting Crop Yield for Climate Change Scenarios
Rice
The rice yield for both varieties (IR 36 and Swarna) was simulated for base period weather (Fig. 3) .
During the base period, simulated grain yield of both cultivars was maximum. The maximum grain yield was simulated at Vizianagaram/East Godavari followed by Cuttack and minimum grain yield at Kharagpur. The yield variability across the locations is due to the difference in the soil physico-chemical properties and climatic conditions of the various locations, as given in Table 1 Field Level Adaptations to Climate Changerespectively at Kharagpur. As compared to base period, the average rise in temperature during 2020, 2050 and 2080 periods was 0.72, 2.22, and 3.57°C, respectively at Vizianagaram and 0.99, 2.31 and 3.96°C, respectively at Kharagpur. Though the temperature increase was lower at Vizianagaram as compared to Kharagpur, the yield decline was higher under the future climate scenarios. This is probably due to lower rainfall of amount 870 mm occurring at Vizianagaram as compared to that of Kharagpur (≈1140 mm) under the climate change scenarios. Rice crop generally requires 1200-1400 mm rainfall for normal production under rainfed ecosystem (http://www.rkmp.co.in/content/climatic-and-soil-requirements). Hence, the high rice yield decline at Vizianagaram was mostly attributed to low rainfall under future climate scenarios. The rice grain yield was significantly and negatively correlated with maximum (r = −0.545) and minimum (r = −0.592) temperature at p = 0.01 over the locations. The higher correlation coefficient between grain yield and minimum temperature confirms the results of the study by Peng et al. (2004) . They stated that the effect of night temperature was significant in influencing rice yield. Similarly, the maximum temperature of more than 35°C was critical temperature during flowering (Yoshida 1981) . A short period (1-3 days) exposure to high temperature during flowering period can significantly reduce seed set, and thereby, crop yield in rice (Jagadish et al. 2008) . The loss of yield is due to heat induced spikelet sterility or higher crop respiration rate during grain filling period, which reduces grain filling capacity and thereby grain yield (Fitzgerald and Resurreccion 2009 ). In our simulation study, the maximum temperature for various locations during grain filling period (flowering to maturity) varied from 33 to 36°C for different climate change scenarios, which was higher by 3.9 to 4.3°C over base period, hence depicted a decline in grain yield by 8 to 12 %.
The results for cultivar Swarna were also in line with the results for IR 36 cultivar. However, the yield of Swarna cultivar was higher than that of IR 36 owing to its genetic characteristics. The Swarna cultivar is a longer duration and high yielding as compared to IR 36. The percentage decline in yield of Swarna under future climate scenarios was lower than that of IR 36. Further, among the climate change scenarios, the increment in temperature was less in B2 scenario as compared to A2 scenario (Fig. 1) , which may have resulted in marginally lower yield decline in B2 scenario for both varieties.
Peanut
The yield of Peanut (var. AK 12-24) was simulated for base period weather and future periods of 2020 (2011-2040), 2050 (2041-2070) and 2080 (2071-2100) under A2 and B2 scenarios (HadCM3 model) for all the selected locations in India. In the base period, maximum peanut yield was simulated from Vizianagaram/East Godavari followed by Cuttack and minimum yield from Kharagpur. The yield of the peanut declined from the base period (1969-1999) to 2020 (2011-2040), 2050 (2041-2070) and 2080 (2071-2100) periods under both scenarios (A2 and B2) of climate change at all the locations (Fig. 4) . Under A2 scenario, the change in yield of peanut was +5.3 to −5.06 %, −7.2 to −17.48 %, and −38.7 to −46.7 % Under the A2 scenario, during crop growth period, the average temperature at Vizianagaram was 29.34, 30.61 and 32.65°C in 2020, 2050 and 2080 , respectively which was higher by 1.13, 2.40, and 4.44°C, respectively, as compared to base period temperature. Similarly, at Kharagpur the average temperature was 28.86, 30.09 and 32.16°C for the 2020, 2050 and 2080, respectively, which were closer to that of Vizianagaram, but these were higher by 0.73, 1.96 and 4.02°C for the corresponding years over the base period. The higher increase in temperature at Vizianagaram as compared to Kharagpur under future climate scenarios, possibly simulated higher decline in peanut yield in the former location.
The mean optimal air temperature during vegetative growth of peanut varies between 25 and 30°C, which is higher than the optimum range (22 to 24°C) for reproductive growth (Prasad et al. 2003) . Exposure to the air and soil temperatures above the optimum level even for shorter period can lead to significant yield loss in peanut. In our simulation study, the average temperature during reproductive growth of peanut was found to be 25.8, 26.2, 26.5 and 26.1°C during base period at Kharagpur, Cuttack, East Godavari, and Vizianagaram, respectively. The reproductive phase temperatures for the corresponding locations were higher by 1.3, 0.8, 0.8, and 1.0°C for 2020; 2.5, 1.9, 2.0 and 2.4°C for 2050, and 4.0, 3.3, 3.4 and 3.9°C for 2080 scenarios, respectively. Increasing temperature during reproductive stage of peanut in future climate at all the locations resulted in significant decline in peanut yield.
The critical temperature for the pod set was found to be 33°C, above which the pod set was significantly affected. Even 1 day exposure to temperature ≥39°C significantly reduced pod set compared to the control at 28°C (Prasad et al. 2001) . High temperature was responsible for pollen sterility and poor pollen tube growth. In our study, the average maximum temperature during flowering period for the base period was 31.9 and 31.6°C at Vizianagaram and Kharagpur, respectively, which increased to 36.7 and 37.2°C in 2080 scenario simulating yield reduction of 46 and 38 %, respectively (Fig. 10) .
The correlation between average temperature and pod yield was negative and significant (r = −0.503 at p = 0.01). This was in agreement with Prasad et al. (2003) , who reported decrease in pollen viability with increase in temperature (32/22°C to 44/34°C) for both ambient (350 ppm) and elevated CO 2 (700 ppm). They also showed that decrease in seed yield occurs for elevated CO 2 peanut plants at temperatures ≥36°C despite greater photosynthesis and biomass accumulation. Effect of high air temperature (38/22°C vs 28/22°C) affected the fruit set significantly but did not affect the number of flowers produced. Pilumwong et al. (2007) reported that above ground biomass of groundnut was increased by elevated CO 2 irrespective of temperature regime (25/15°C vs 35/25°C). In our study also, the above ground biomass was found to be increasing from base period to 2020, 2050 and 2080 for all locations. The highest above ground biomass at 2080 scenario with 540 ppm CO 2 level indicates that the high temperature regime observed during 2080 scenario was still within optimum range for biomass production of peanut. The study showed that at high temperature, the dry matter production was increased but the yield of peanut was significantly affected. Similar results were reported by Bannayan et al. (2009) , which revealed that the above ground biomass/total biomass production in peanut increases with increase in CO 2 level independent of temperature regime.
Yield of Rice-Peanut Cropping System
The yield of both cropping systems (MP and LP) was simulated for base period weather and future weather of 2020 (2011-2040), 2050 (2041-2070) , 2080 (2071-2100) of A2 and B2 scenarios (HadCM3 model) at all the selected locations in India. The rice equivalent yield of cropping system was calculated using Eq. (3). The percentage change in the system yield under the future scenarios was calculated by comparing with the system yield during base period as given in Eq. (4). The system yield for both the cropping systems declined from the base period to 2020 (2011-2040), 2050 (2041-2070) and 2080 (2071-2100) periods under both scenarios (A2 and B2) of climate change at all locations (Figs. 5 and 6) .
Under A2 scenario, the rice equivalent yield of MP cropping system varied from +3.95 to −5.4 %, −3.45 to −12.39 % and −25.4 to −32.1 % during the years 2020 (2011-2040), 2050 (2041-2070) and 2080 (2071-2100) , respectively, as compared to base period across the locations, with maximum reduction at Vizianagaram/East Godavari and minimum at Kharagpur. The decline in system yield was increased with decreasing latitude, from Kharagpur (22°25′ N) to Vizianagaram (18°12′ N). This was due to lower rainfall during rice growing season (wet season) and higher temperature during peanut growing season (dry season) in lower latitude (Vizianagaram) as (Kharagpur, Cuttack, East Godavari and Vizianagaram) in India compared to higher latitude (Kharagpur) under the future climate scenarios. Under B2 scenario, the percentage change in yield was lower compared to A2 scenario at all locations for the future climate scenarios. At Kharagpur only, the yield increased marginally in 2020, but it declined thereafter. Similar trends of yield change for future climate scenarios were simulated for LP cropping system at all locations where the yield variation was lower as compared to that of MP system.
Evaluation of Adaptation Measures
Planting time and varietal changes in rice and sowing time adjustment in peanut were evaluated as an adaptation options to climate change in the rice-peanut cropping system. The normal sowing time for the nursery of rice in kharif season in West Bengal is MayJune. The nursery sown in June is transplanted at the age of 25-30 days. Therefore, transplanting date '15 July' was considered as current (normal) transplanting date for rice (Adhikari et al. 2010 ) and the sowing time '9 February' for peanut were considered as the normal planting time (15 July/9 February) for the rice-peanut cropping system. The result stated increase in the yield in 2020 (2011-2040) under both climate scenarios (A2 and B2), as compared to the base period, with advancement of planting time to 1 June/26 Dec and 15 June/10 January from the normal planting (15 July/9 February) at all locations in MP as well as LP cropping system (Figs. 7 and 8). In 2050 (2041 -2070 and 2080 (2071-2100), the advanced planting continued to show the positive response for yield improvement at Kharagpur and Cuttack, whereas at East Godavari and Vizianagaram, the yield declined for all the planting time during 2050 and 2080. However, the decline in yield was lower in advanced planting as compared to delayed planting. The amount of rainfall received with 1 June planting date was higher than the current planting date of 15 July, whereas with delayed planting date (1 August) the amount of rainfall received during crop growing period was lowest. The delayed planting (31 July/24 February) had maximum grain yield reduction in future climate scenarios at all the locations for both cropping systems. The yield of LP cropping system was higher than MP cropping system for all climate scenarios at all locations (Fig. 8) .
In our simulation study, it was observed that delayed rice planting after 15 July exposes the grain filling period to high temperature (>30°C) during 2050 and 2080 at all locations, which leads to spikelet sterility, and hence, higher reduction in the grain yield. Our results were in confirmation with Krishnan et al. (2007) , who reported that higher maximum temperature (>30°C) during flowering period across the location was the major reason of yield reduction in rice. Moreover, with delayed planting, the rice crop receives very low amount (611 to 816 mm) of rainfall as compared to early planting (1208 to 1391 mm) across the locations in future climate scenarios that causes grain yield reduction as the rice is grown under rainfed ecosystem. The amount of rainfall received during crop period for different planting dates at Kharagpur is shown in Fig. 9 . Thus, adjustment in sowing date was one of the adaptation options which can be implemented at field level to reduce the detrimental effect on yield production. Adoption of temperature tolerance to spikelet sterility increased yield, which confirms effect of temperature (Yoshida 1981; Krishnan and Surya Rao 2005; Jagadish et al. 2008) . Similarly for peanut, high temperature during flowering can be avoided by advancing the sowing time. Average temperature during 1st pod to maturity period at Kharagpur is shown in Fig. 10 . Flowering and pre-flowering are the most sensitive stages to temperature in peanut (Prasad et al. 1999a, b) . High temperature stress during flowering lead to poor fertilization, affects pollen germination and pollen tube and hence pod yield (Prasad et al. 2003; Prasad et al. 2011) . 
Conclusions
The variability in the yield of the rice-peanut cropping system among different locations in India was due to the differences in native soil properties and basic weather parameters. The yield of the cropping system is expected to decline at all the locations under future climate scenarios with varying rainfall and rising temperature. The yield declined with locations from higher latitude to lower latitude for the base period as well as for the future periods. However, the effect of climate change could be minimized or even could be favorable in crop yield improvement through change of planting time under rainfed ecosystem in India. Earlier planting time resulted in increased yield of rice-peanut system under future climate scenarios at higher latitudes. This was due to increased amount of precipitation received by the rainfed rice during the growing season and favorable temperature during the critical growth phase (flowering to maturity) of both rice and peanut in early planting as compared to delayed planting. The early planting was also effective at lower latitude in minimizing the adverse impact of climate change on yield of both crops in the cropping system. Analyzing the varietal adaptation among the rice cultivars, the long-duration 'Swarna' has longer vegetative growth and later reproductive allows the crop to mature in cooler temperature, hence less vulnerable to rising temperature as compared to the medium duration 'IR 36'. Hence, the rice cultivar 'Swarna' with advanced planting of both rice and peanut is expected to combat the adverse impact of climate change on the rice-peanut cropping system. 
